phototropin ͉ H ϩ -ATPase ͉ light signaling ͉ phosphorylation͞ dephosphorylation
Phototropins, plant blue light receptors, mediate stomatal opening through the activation of the plasma membrane H ؉ -ATPase by unknown mechanisms. Here we report that type 1 protein phosphatase (PP1) positively regulates the blue light signaling between phototropins and the H ؉ -ATPase in guard cells of Vicia faba. We cloned the four catalytic subunits of PP1 (PP1c) from guard cells and determined the expression of the isoforms in various tissues. Transformation of Vicia guard cells with PP1c isoforms that had lost enzymatic activity by one amino acid mutation, or with human inhibitor-2, a specific inhibitor protein of PP1c, suppressed blue light-induced stomatal opening. Addition of fusicoccin, an activator of the plasma membrane H ؉ -ATPase, to these transformed guard cells induced normal stomatal opening, suggesting that the transformations did not affect the basic mechanisms for stomatal opening. Tautomycin, an inhibitor of PP1, inhibited blue lightinduced H ؉ pumping, phosphorylation of the plasma membrane H ؉ -ATPase in guard cell protoplasts, and stomatal opening. However, tautomycin did not inhibit the blue light-dependent phosphorylation of phototropins. We conclude that PP1 functions downstream of phototropins and upstream of the H ؉ -ATPase in the blue light signaling pathway of guard cells.
phototropin ͉ H ϩ -ATPase ͉ light signaling ͉ phosphorylation͞ dephosphorylation P airs of guard cells forming stomatal pores regulate gas exchange between plants and the atmosphere, allowing the uptake of CO 2 for photosynthetic carbon fixation and the loss of water vapor by transpiration (1) (2) (3) . Stomata open in response to blue light perceived by phototropins (phot1 and phot2), plantspecific Ser/Thr protein kinases with two LOV (light, oxygen, or voltage) domains (4) (5) (6) . The light-stimulated phototropins undergo autophosphorylation with a subsequent binding of 14-3-3 proteins (7) . Signals from phototropins ultimately activate the plasma membrane H ϩ -ATPase via phosphorylation of the C terminus with a subsequent binding of 14-3-3 protein (8) . The activated H ϩ -ATPase creates an inside-negative electrical potential across the plasma membrane, which drives the uptake of K ϩ through inward-rectifying voltage-gated K ϩ channels (9-11); this leads to an increase in turgor pressure that results in stomatal opening. However, the mechanisms of signal transduction from phototropins to the plasma membrane H ϩ -ATPase are largely unknown. Several components, including cytosolic Ca 2ϩ , RPT2 (ROOT PHOTOTROPISM2), and protein kinase in the plasma membrane, have been suggested to play a role, but the evidence to support these claims is not conclusive (12) (13) (14) .
A previous pharmacological study showed that type 1 or type 2A protein phosphatases (PP1/PP2A) are involved in blue light-dependent stomatal opening in Vicia faba (15) . Furthermore, PP1 appears more likely than PP2A to be responsible for this reaction because blue light-dependent H ϩ pumping was more strongly inhibited by calyculin A than okadaic acid. However, no conclusive evidence for the functional involvement of PP1 in the stomatal response is available so far.
PP1 is the major class of the PPP family of Ser/Thr protein phosphatases and is ubiquitously distributed throughout higher eukaryotes (16) . In animals, PP1 has been shown to regulate a broad range of cellular processes such as glycogen metabolism, protein synthesis, cell cycle progression, muscle contraction, transcription, and neuronal signaling (17) . Regulation of these multiple processes is accomplished by a few PP1 catalytic subunits (PP1c) associating with multiple regulatory subunits that specify the catalytic activity, the substrate specificity, and the subcellular localization of the holoenzyme (18, 19) . Considering the functional importance of PP1 in animals, it is likely that PP1 also regulates fundamental processes in plant cells; however, very little is known about PP1 function in plants (16) .
Recently, several experimental approaches to separate the functions of the PP1 and PP2A families in vivo have been reported. Mutational studies have shown that the expression of a dominant negative-type mutant of the PP2A catalytic subunit causes growth defects and reduction of PP2A activity without affecting its holoenzyme assembly in yeast (20, 21) . In Drosophila cells, overexpression of inhibitor-2, which inhibits PP1c activity as a regulatory subunit, specifically reduces PP1 activity without affecting that of PP2A (22) .
In the present study, we investigated the function of PP1 in guard cells, a highly developed model system for characterizing signal transduction mechanisms in plants (23) . In this system, we can induce the signaling cascade by applying blue light and directly observe specific effects caused by any genetic or pharmacological perturbation. We transformed Vicia guard cells with a dominant negative-form of PP1c as well as with inhibitor-2 and demonstrated that PP1 functions as a positive regulator between phototropins and the H ϩ -ATPase in the blue light signaling pathway.
Results
Cloning and Expression of PP1c Genes in V. faba. We isolated genes that encode PP1c expressed in guard cells from V. faba. Degenerate primers were designed from the conserved region of PP1c, and four partial cDNA fragments were obtained by RT-PCR using total RNA. We determined the overall cDNA sequences by 5Ј and 3Ј RACE, and designated the genes V. faba PP1c-1 through 4 (VfPP1c-1 through -4). There were high levels of similarity in the deduced amino acid sequences (95.8-99.7%, Fig. 1A ). We confirmed the mRNA expression of all four PP1c genes in guard cells by RT-PCR, and determined their isoform-and tissue-specific expression (Fig. 1B) . VfPP1c-1, -3, and -4 were expressed predominantly in guard cells. Actually, VfPP1c-1 was not expressed at all in mesophyll cells or stems. However, VfPP1c-2 was expressed in all tissues examined to the same degree. To investigate the function of PP1 in blue light-induced stomatal opening in vivo, we transiently overexpressed mutated forms of PP1c that were impaired in their catalytic activities, by particle bombardment in Vicia guard cells. The His residue in the catalytic site (highlighted in Fig. 1 A) was replaced by Asn to abolish PP1c activity (24); we expected that the mutant functioned as a dominant negative form in vivo, similarly as in the case of PP2A (20, 21) . We prepared recombinant VfPP1c-1 and VfPP1c-1-H137N and found that the activity was lost completely in the latter. The VfPP1c-1 activity was inhibited by 10 nM tautomycin, a potent inhibitor of PP1c ( Fig. 2A) .
We then transiently expressed constructs in which sGFP was fused to wild-type VfPP1c-1 (VfPP1c-1:sGFP) or VfPP1c-1-H137N (VfPP1c-1-H137N:sGFP). Transformed guard cells were identified by their green fluorescence in isolated epidermal peels. We measured half apertures in stomata formed by one transformed and one nontransformed guard cell ( Fig. 2 B and C) . When the epidermal peels were irradiated with red light at 150 (Fig. 2D) . These results indicated that PP1c mutants expressed in guard cells caused dominant negative effects and inhibited the blue light signaling pathway.
Transformation of Vicia Guard Cells with Human Inhibitor-2 Inhibits
Stomatal Opening by Blue Light. We tested the role of PP1 in blue light-dependent stomatal opening by transiently overexpressing human inhibitor-2, a protein that specifically binds and inhibits PP1c. Human inhibitor-2 was used because no corresponding genes have been identified in plants so far. We examined the interactions of human inhibitor-2 with all VfPP1cs-1 to -4 in a yeast two-hybrid assay, and observed ␤-galactosidase activities only when inhibitor-2 and PP1cs were coexpressed in yeast (Fig. 3A) . As a control, inhibitor-2 did not interact with the catalytic subunit of PP2A under the same conditions (data not shown), suggesting that the interaction between inhibitor-2 and PP1c from Vicia was specific. Moreover, inhibitor-2:sGFP inhibited the activity of VfPP1c-1 in vitro with the half-inhibitory concentration (IC 50 ) Ϸ 5 nM (Fig. 3B) .
We next examined the in vivo effects of inhibitor-2 on blue light-dependent stomatal opening. Guard cells were transformed with inhibitor-2:sGFP by particle bombardment. When the epidermal peels of nontransformed and transformed guard cells were irradiated with red light, stomata opened slightly. When the peels were irradiated with additional weak blue light, nontransformed cells and cells transformed with sGFP alone responded by increasing the aperture of their stoma ( Fig. 3 Cc and D). However, stomatal opening was suppressed in guard cells carrying inhibitor-2:sGFP ( Fig. 3 Cg and D) .
If the effects observed in vivo were actually caused by the interaction between inhibitor-2 and PP1c, the subcellular localization of these binding partners should overlap, at least partly. We coexpressed inhibitor-2:sGFP and VfPP1c-1 fused to red fluorescent protein from Discosoma sp. (VfPP1c-1:DsRed) in guard cells, and inspected the subcellular localization of these two fusion proteins by confocal laser-scanning microscopy. As shown in Fig.  3E , both inhibitor-2:sGFP and VfPP1c-1:DsRed were distributed uniformly in the cytosol and nucleus. Merged images revealed that green fluorescence overlaid exactly with red fluorescence.
Stomata Consisting of Guard Cells Transformed with Mutated PP1c
and Inhibitor-2 Open in Response to Fusicoccin, an H ؉ -ATPase Activator. The inhibition of blue light-dependent stomatal opening by mutated PP1c or inhibitor-2 suggested that PP1 mediated the physiological response. However, it is possible that the transformation of the guard cells impaired downstream mechanisms necessary for stomatal opening, including voltage-gated K ϩ uptake channels, anion transporters, the production of organic anions, or ATP production. To test this possibility, we administered fusicoccin, a fungal toxin that activates the plasma membrane H ϩ -ATPase, to transformed epidermal peels and measured stomatal opening. As shown in Fig. 4 , fusicoccin acted on transformed guard cells (fluorescent cells on the right) similarly as on nontransformed guard cells (nonfluorescent cells on the left), suggesting that downstream components responsible for stomatal opening had remained operational in the transformants. PP1 is most likely to mediate signaling between phototropin and the plasma membrane H ϩ -ATPase (15) . To test this, we used tautomycin, a membrane-permeable inhibitor of PP1, which is used frequently to investigate the role of PP1 in various cellular events; because it inhibits PP2A with 10-fold lower sensitivity in vitro (25) (26) (27) (28) , it can help to distinguish between responses mediated by the two classes of enzymes. We expected that blue light-dependent H ϩ pumping and stomatal opening were inhibited by this reagent. In fact, blue lightdependent H ϩ pumping in guard cell protoplasts was decreased by tautomycin in a concentration-dependent manner (Fig. 5A) . The degree of inhibition increased with the time of exposure of guard cell protoplasts to tautomycin. Tautomycin is unlikely to affect the plasma membrane H ϩ -ATPase itself, because tautomycin had no effect on ATP-dependent and vanadate-sensitive H ϩ pumping in microsomal membranes isolated from guard cell protoplasts (Fig. 5B) . Furthermore, blue light-dependent stomatal opening in epidermal strips was abolished by tautomycin (Fig. 5C ). Complete inhibition of the opening is probably due to the long incubation time of the epidermis with tautomycin (see Materials and Methods), which allows sufficient permeation of tautomycin into guard cells in the epidermis. Tautomycin did not inhibit stomatal opening in the epidermis by red light, suggesting that effect of the reagent was specific to blue light signaling.
PP1 is most likely to function upstream of the H ϩ -ATPase and transmits the light signal from phototropins to the H ϩ -ATPase for its activation. If so, inhibition of PP1 would suppress blue light-dependent phosphorylation of the H ϩ -ATPase without affecting phosphorylation of the phototropins. We determined the phosphorylation levels of both phototropins and the H ϩ -ATPase in response to blue light. Vfphots (V. faba phototropins) and H ϩ -ATPase were immediately isolated by immunoprecipitation at the indicated times after the light pulse (7), and separated on SDS/PAGE. Autoradiograms revealed that Vfphots and the H ϩ -ATPase were phosphorylated in response to blue light (Fig. 5D ). In the presence of tautomycin, the phosphorylation of Vfphots was not affected, but that of the H ϩ -ATPase was strongly inhibited. Western blot analysis revealed that there was no change in the levels of Vfphots and the H ϩ -ATPase. Mobility shift of Vfphot to the upper site by blue light strengthened the occurrence of the phosphorylation in the presence of tautomycin. These results indicated that PP1 functions downstream of phototropins and upstream of the H ϩ -ATPase in the blue light signaling pathway of guard cells.
Discussion
In this study, we demonstrated that PP1 mediates the signal transduction from phototropins to the plasma membrane H ϩ -ATPase in guard cells. Despite the extensive progress in our understanding of the functions of PP1 in animal cells, functional analysis of plant PP1 has been difficult (16, 29) . However, the physiological roles of several members of the PPP family of protein phosphatases in plants have been recently identified by using Arabidopsis transgenic plants with loss-or gain-of-function mutants. For example, PP5 and PP6 have been demonstrated to modulate phytochrome-mediated signaling by dephosphorylating the Pfr form in the phosphorylated state (30, 31) . PP7 has been shown to act as a positive regulator in blue light signaling mediated by cryptochromes (32) . In these analyses, Arabidopsis T-DNA insertional lines and antisense lines were excellent tools to dissect the role of individual enzymes because these catalytic subunits of protein phosphatases are encoded by one or two genes (33, 34) . In sharp contrast to these particular catalytic subunits of protein phosphatases such as PP5, PP6, and PP7, there are at least nine isogenes encoding PP1c isoforms (33) (34) (35) , and our preliminary results indicated that all of them were expressed in Arabidopsis guard cells (data not shown). Because these isoforms show very high amino acid sequence similarities (90.9-99.7%), these isogenes likely function redundantly in plant cells, making it difficult to characterize the function of PP1 in plant cells by genetic methods. Very high amino acid sequence similarities were obtained in PP1c of Vicia guard cells (Fig. 1 A) . In addition, it was difficult to obtain the Arabidopsis transformants with antisense constructs encoding PP1c (T. Aoyama, Kyoto University, personal communication), possibly because excessive reductions of PP1c might be lethal. In this study, we thus transiently transformed Vicia guard cells with dominant negative forms of PP1c, and successfully demonstrated the function of PP1 in the stomatal blue light response. However, it should be noted that we could not determine at this stage whether any particular PP1c isoform is involved in the response.
Our results indicate that PP1 transfers the signal from phototropins to the plasma membrane H ϩ -ATPase. To substantiate this finding, we used tautomycin, a cell-permeable and preferential inhibitor of PP1, and investigated the effect of tautomycin on phosphorylation of both phototropins and the plasma membrane H ϩ -ATPase in guard cell protoplasts. When guard cell protoplasts were stimulated with a pulse of blue light in the presence of 10 M tautomycin, phototropins underwent phosphorylation but the plasma membrane H ϩ -ATPase did not. Thus, PP1 action appeared to be located between phototropins and the H ϩ -ATPase in the blue light-signaling cascade. In accord with this result, H ϩ pumping in guard cell protoplasts and stomatal opening in epidermal peels in response to blue light were inhibited by tautomycin at 10 M. The high concentration of tautomycin required for inhibition may be due to low permeability of tautomycin across the plasma membrane (26) . Taken together, the results demonstrated that PP1 transmits the signal from phototropins to the plasma membrane H ϩ -ATPase in guard cells.
Because phototropins are protein kinases associated with the plasma membrane (5, 36) , one might assume that phototropins can phosphorylate the H ϩ -ATPase directly (37) (38) (39) . The present results argue against this hypothesis and instead indicate the presence of another protein kinase that directly phosphorylates the H ϩ -ATPase.
In Arabidopsis guard cells, phot1 and phot2 induce the activation of the plasma membrane H ϩ -ATPase by blue light and mediate stomatal opening in a redundant manner (6) . Although the signals from phot1 and phot2 are ultimately transduced to the H ϩ -ATPase, it is unclear where such separate signals are converged on the signaling pathways. Recent investigations have shown that both NPH3 (NONPHOTOTROPIC HYPOCOTYL3) and RPT2 interact directly with phot1, but not with phot2, and that these elements are required for phot1-dependent phototropism (14, 40, 41) . Therefore, it is likely that phot1 and phot2 transduce separate signals in the initial steps of signaling and that PP1 may function in the common pathway after the convergence point in guard cells. In support of this notion, tautomycin completely inhibited stomatal opening by blue light (Fig. 5C) .
Overexpression of PP1c mutants and inhibitor-2 in guard cells suppressed blue light-dependent stomatal opening ( Fig. 2 and 3 ) and inhibited the activity of PP1 in guard cells. However, the modes of inhibitory action of these two proteins are quite different. The dominant negative-type mutants likely compete with endogenous PP1cs for substrate and regulatory subunits and interrupt blue light signaling. In contrast, inhibitior-2 seems to compete with an endogenous regulatory subunit by binding to PP1cs, decreasing their catalytic activity and resulting in the inhibition of blue light signaling. Therefore, both the regulatory subunit and the substrate of PP1c appear to be required for blue light signaling in guard cells. Considering the biochemical properties of PP1, we hypothesize that the regulatory subunit of PP1 is modified by upstream components in response to blue light. One possible candidate for this upstream component is phototropin kinase itself (5, 36) . We note that activities of some of the PP1 regulatory subunits in animals, including inhibitor-2, neurabin I, and NIPP1, are regulated by reversible phosphorylation (17) . Another possibility is that phototropins directly activate PP1c as a regulatory subunit.
Phototropins mediate a wide range of physiological responses that optimize photosynthesis (42, 43) , including phototropism (4), chloroplast movement (36, 44, 45) , leaf expansion (36, 46) , leaf movement (47) , and stomatal opening. Further investigations are needed to clarify whether PP1 is a common signaling component in all of these phototropin-mediated processes.
In conclusion, we have identified PP1 as a component of the blue light signaling pathway leading from phototropins to the plasma membrane H ϩ -ATPase in guard cells. To our knowledge, this is the first demonstration of a functional role of PP1 in plant cells (16) .
Materials and Methods
Plant Materials and Isolation of Guard Cell Protoplasts. V. faba (cv. Ryosai Issun) was cultured hydroponically in a green house as described (48) . Guard cell protoplasts were obtained enzymatically from 5-to 6-week-old leaves as detailed (8) .
Cloning of PP1c Genes from Vicia Guard Cells. Two degenerate oligonucleotide primer pairs, (5Ј-TGYGGNGAYATHCAYGG-3Ј and 5Ј-CAYTCRTCRTARAANCCRTA-3Ј) and (5Ј-GARYT-NGARGCNCCNATHAAR-3Ј and 5Ј-CATRCANAGDATYT-TRTCRTC-3Ј), were designed on the basis of conserved amino acid sequences in PP1c. Partial sequences were obtained by RT-PCR using total RNA (5 g) prepared from Vicia guard cell protoplasts. Full-length sequences of VfPP1c-1 (AB038648), VfPP1c-2 (AB254850), VfPP1c-3 (AB254851), and VfPP1c-4 (AB254852) were determined by inverse PCR or 5Ј and 3Ј RACE.
Transient Expression of sGFP Fusion Proteins in Vicia Guard Cells and
Measurement of Stomatal Aperture. Individual cDNA was cloned into CaMV35S⍀-sGFP(S65T)-nos3Ј (49) and introduced into Vicia leaves by particle bombardment (PDS-1000/He particle-delivery system; Bio-Rad, Hercules, CA). Stomatal aperture was determined from epidermal strips prepared from the abaxial side of leaves. Detailed conditions are described in Supporting Text, which is published as supporting information on the PNAS web site.
Preparation of Recombinant PP1c in Escherichia coli and Protein
Phosphatase Assay. Full-length VfPP1c-1 and VfPP1c-1-H137N were subcloned into pGEX-2T (Amersham Pharmacia, Tokyo, Japan), and transformed into E. coli strain BL21. The recombinant proteins were produced and purified according to Watanabe et al. (50) and as described in Supporting Text. Ser/Thr phosphatase activity was assayed according to the manufacturer's protocol (New England Biolabs, Beverly, MA).
Yeast Two-Hybrid Assay. Full-length cDNA clones of Vicia PP1cs and inhibitor-2 were inserted into pAS2-1 or pACT2 vectors (Clontech, Palo Alto, CA), and transformed into the Saccharomyces cerevisiae strain Y190. ␤-Galactosidase filter assays were carried out by using 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside as a substrate.
Measurement of Blue Light-and ATP-Dependent H ؉ Pumping. Blue light-dependent H ϩ pumping from guard cell protoplasts was measured as described (48) . Isolation of microsomal membrane from guard cell protoplasts and measurement of ATPdependent H ϩ pumping was performed as described (51) .
Phosphorylation Levels and Amounts of Vfphots and the H ؉ -ATPase.
Levels of phosphorylation and amounts of Vfphots and H ϩ -ATPase were determined as described (7, 8) 
